Double vaecinia virus recombinants expressing both the T7 RNA polymerase gene, controlled by a weak early poxvirus P~ promoter, and the Escheriehia eoli flgalactosidase gene, controlled by the phage T7 promoter, have been obtained, The viability of the double recombinants depended on the T7 RNA polymerase expression level. If the T7 RNA polymerase gene was inserted into a recombinant already containing the flgalactosidase gene, the efficiency of formation of the double recombinants was significantly higher compared to that for the reverse insertion order. The negative effect of the phage T7 terminator on fl-galactosidase expression in cells infected with the recombinant viruses has been shown. The dynamics and levels of flgalactosidase formation by different vaccinia virus recombinants have been studied.
Introduction
Vaccinia virus (VV) is widely used as a eukaryotic vector of genetic information for scientific research and development of live vaccines (Moss, 1991) . Usually poxvirus promoters have been used for the expression of foreign genes in recombinant VV (RVV) (Mackett et al., 1982; Panicali & Paoletti, 1982; Wittek et al., 1984; Patel et al., 1988) , the abilities of which are limited. To enhance the expression of such genes the insertion of the highly effective phage T7 (Fuerst et at., 1986 (Fuerst et at., , 1987 or T3 expression systems into vaccinia virus has been proposed. The T7 RNA polymerase (pol) gene was inserted into the VV genome under the control of a poxvirus promoter; the gene to be expressed was controlled by a strong phage promoter. However, double recombinants, containing a complete phage expression system, were non-viable (Fuerst et al., 1987) . Effective gene expression controlled by the phage T7 promoter took place in the case of mixed cell infection with two poxvirus recombinants, one expressing the T7 RNA polymerase and the other containing a gene controlled by the T7 promoter. A viable double recombinant expressing both a marker gene, regulated by the T7 promoter, and the T7 RNA polymerase was obtained only when an inducible promoter for T7 RNA polymerase was used (Fuerst et al., 1989; Rodriguez & Smith, 1990; Moss et al., 1990; Alexander et at., 1992) . The inducibility was achieved by insertion of the bacterial lac repressor gene into the poxvirus genome and placement of the lac operator between the poxvirus promoter and pol gene. Treatment of cells infected with such a recombinant with isopropyl fl-D-thiogalactoside makes expression of a gene regulated by the T7 promoter possible. These recombinants can be used for effective production of biologically active substances in cell cultures but not for the development of live vaccine.
In the present work we have studied the dependence of viability and efficiency of double RVVs with a complete T7 phage expression system on the level of pol gene expression, regulated by poxvirus promoters. The feasibility of obtaining such recombinants with a low level of pol expression has been shown.
Methods
Viruses and cells. VV strains (WR and Lister) kindly provided by Dr V. I. Chernos (Institute of Viral Preparations, Moscow) as well as the continuous green monkey kidney cell line CV-1 (Jensen et al., 1964) and rat cell line Rat2tk- (Topp, 1981) were used. The cells were maintained in Eagle's medium supplemented with 5 % foetal bovine serum. Media, sera and tissue culture plastics were received from Flow Laboratories. The viruses were cloned and propagated in CV-1 cells and stored at -20 °C. The virus titres were determined in CV-1 cells by plaque assay without an agar overlay.
Plasmids. The plasmids used in this study are listed in Table 1 . Genetic engineering procedures were carried out following the methods of Maniatis et al. (1982) . All enzymes and X-Gal were obtained from Biopol. Other reagents were obtained from Serva.
Thepol gene was isolated from pACT7 (Rechinsky et al., 1991) as a 2.6 kb BamHI fragment containing the T7 RNA polymerase encoding sequence. The lacZ gene was isolated from pLZ113 (Korobko et al., 1983) as a 3.1 kb BamHI-SalI fragment containing the sequence encoding Escherichia eoli ]Lgalactosidase.
The F plasmids (p-PF-pol/F, p-PF-IacZ/F, p-T7-1acZ-T~b/F) were based on pF-RR (pBR322 lacking the BamHI site and the EcoRI 3.5 kb fragment isolated from the HindIII F fragment of WR DNA and inserted into the EeoRl site of pBR322) (Altstein et al., 1985) . The gene of interest (T7 pol or lacZ) was inserted into the BamHI site of the 0001-1217 © 1993 SGM HindlII F fragment under the control of the resident early PF promoter (Panicali & Paoletti, 1982) . To construct the p-T7-1acZ-T~b/F plasmid, the 3.7 kb EeoRI fragment containing T7-1aeZ-T~b sequences from p-T7-1acZ-T¢/J was inserted into the BamHI site of pF-RR so that the lacZ gene was controlled by the T7 promoter but not the Pr promoter. The J plasmids were constructed on the basis of plasmids containing a part of the HindIII J fragment of the WR genome with a promoter and the gene of interest inserted into the VV tk gene. The p-P7 s-lacZ/J plasmid was based on pGS20 (Mackett et al., 1984) and p-PT.5-pol/J on pVAR15 (Altstein et al., 1986) . Both plasmids contained the P7-5 early late poxvirus promoter (Mackett et al., 1982) ; the gene of interest was inserted into the BamHI site. The p-P11-lacZ/J plasmid was based on pJ 11S (G. Pashvykina, unpublished data) and consisted of pVAR15 lacking the P7~5 promoter but with the late poxvirus Pn promoter (Wittek et al., 1984) inserted in the ClaI site (0"5 kb ClaI EcoRI fragment, isolated from the HindIII F fragment of neurovaccinia virus in this laboratory). The lacZ gene was inserted downstream of Plr The poxvirus ATG codon, localized downstream of the promoter, and the first ATG codon of the gene were situated in frame. Plasmids p-T7-lacZ-T¢/J and p-T7-1acZ/J were based on pJ(SX) (HindlII J fragment of the WR genome was cloned in the HindlII site of pBR322, cut by Sail and XhoI endonucleases and ligated). A 0.6 kb EcoRI fragment of plasmid pGEM2AT (V. Rechinsky & M. Kriajevska, unpublished data) , containing the T7 phage ~bl0 promoter (T7) and terminator (T~b) with the BamHI site between them, was inserted into the EcoRI site of pJ(SX). The lacZ gene was inserted into the BamHI site under the control of the T7 promoter. Two variants of these plasmids were obtained, one with and one without T~.
Production and analysis of RVV. Recombinants were obtained by infecting CV-1 cells with VV (0.1 p.f.u./cell) and their transfection with appropriate recombinant plasmids was achieved using the calcium phosphate method as described previously (Mackett et al., 1984; Altstein et al., 1985) . After insertion of the foreign gene into the VV tk gene, the selection of tk-recombinants was carried out by plaque hybridization in Rat2tk-ceils in the presence of 5-bromo-2'-deoxyuridine (25 gg/ml). For the insertion of foreign genes into the HindIII F fragment of the VV genome, in situ hybridization on nitrocellulose filters (Villareal & Berg, 1979; Panicali & Paoletti, 1982) was used for the selection of reeombinants. RVVs expressing flgalactosidase were selected by blue plaque formation after X-Gal and neutral red treatment. X-Gal and neutral red (3 mg and 400 pg/ 100 mm culture dish, respectively) were added to the agar overlayer 72 h after infection for 16 h at 37 °C. The recombinants were subjected to an additional triple cloning in CV-1 cells and then grown in CV-1 cells. Viral DNA was isolated according to the method of Esposito et at. (1981) with subsequent restriction analysis and DNA hybridization (Southern, 1975) .
T7 RNA polymerase assay. A CV-1 cell monolayer (2 x 106 cells) was infected with RVV and incubated until complete cell degeneration. The cells were resuspended in 200 lal lysis buffer (10 mM-Tris-HC1 pH 7.6, 10 mM-NaC1, 1.5 mM-MgCI~, 0.5 % Triton X-100) and incubated for 15 rain at room temperature. After centrifugation the cleared cell lysate was assayed for T7 RNA polymerase as described by Fuerst et al. (1986) . The RNA polymerase reaction mixture (25 gl) comprised Tris-HCl (40mM, pH 7"6), MgCI 2 (10 mM), dithiothreitol (10mM), spermidine (2 raM), RNasin (50 units), ATP, UTP and GTP (2 mM each), [~-3~P]CTP (1 gM), plasmid pGEM2 (1 gg) and 4 gl of the cell lysate to be tested. The mixture was incubated at 37 °C for 20 min. The 
* The qualitative results of testing T7 RNA polymerase and fl-galactosidase activity in CV-1 cells infected with the RVV.
t The Lister HindlII K fragment containing the VV thymidine kinase gene is equivalent to the WR HindlIl J fragment (Mackett & Archard, 1979 fl-Galactosidase assay, fl-Galactosidase activity in CV-I cells infected with RVV was carried out as described by Miller (1972) , using o-nitrophenyl fl-D-galactopyranoside (ONPG) as a substrate. A cell culture (cells plus culture fluid) to be investigated was frozen and thawed three times. The cellular debris was removed by centrifugation and the supernatant was assayed. The fl-galactosidase assay mixture (1.2 ml) consisted of 1 ml Z buffer (60 mN-Na2HPOa, 40 mM-NaH2PO4, 10 mM-KC1, 1 mM-MgSO 4, 50 mM-2-mercaptoethanol), assayed supernatant (1 to 10 gl) and 0.2 ml ONPG solution (4 mg/ml). The reaction was carried out at 28 °C for 15 min and stopped by adding 0.8 ml 1 M-Na~CO a. The concentration of o-nitrophenol (ONP) was measured at 420nm, and the fl-galactosidase activity was expressed as nmol ONP/106 cells. NT:~ 4"0 4"0 WR < 0.5 < 0,5 < 0.5 Lister < 0.5 < 0.5 < 0.5 * cv-1 cells infected with the virus (2 to 3 p.f.u./cell) were tested for T7 RNA polymerase activity (Methods) 50 h after infection.
~ Values taken as 100% are as follows: experiment 1, 152000 c.p.m.; experiment 2, 123 000 c.p.m.
:~ NT, Not tested.
Results
Production and characteristics of RVVs containing the T7 phage pol and~or E. coli lacZ genes Table 2 shows the characteristics of the RVVs obtained and studied in this work. The structure of the recombinant regions of RVV genomes is shown in Fig. 1 
T7 RNA polymerase formation in cells infected with RVV
In CV-1 cells infected with RVV containing the pol gene (but not with others), T7 RNA polymerase activity was revealed using templates containing the phage T7 promoter ( 
The effect of gene insertion order and level of pol gene expression on recovery of double R VVs
It was easy to obtain a double RVV if the cells were infected with the W-T7-1acZ-T¢/J recombinant and transfected with p-Pr-pol/F. However, we were unable to obtain such a recombinant in repeated experiments if the cells were infected with the W-PF-pol/F recombinant producing T7 RNA polymerase and transfected with pT7-1acZ/J containing the T7 promoter. This problem was studied in a further experiment.
CV-1 cells were infected with the RVV vector (0.1 p.f.u./cell) and after 1 h incubation at 37 °C they were transfected with an integration plasmid (see Table 4 ). Two vector viruses (W-PF-pol/F and W-P75-pol/J ) expressed the pol gene under the control of the weak PF or strong P7.5 promoters, respectively. The lacZ gene was inserted into them under the control of the T7 promoter. Two other vector viruses (W-T7-1acZ-T¢/J and W-T7-lacZ-T~b/F) contained the T7 promoter-regulated lacZ gene at different sites within the genome. The T7 pol gene was inserted into these under the control of PF or PT.~. The cells were incubated until c.p.e, was complete (48 h at 37 °C) and virus was then titrated on a CV-1 cell monolayer by the plaque method under an agar overlay. The cell monolayer was stained with neutral red and XGal. The number and percentage of blue plaques of the double RVV, which contained the expressed pol and lacZ genes, and its viability are indicated in Table 4 . It can be seen that in all variants recombinants are formed. However, there is a relationship between the efficiency of double recombinant formation and the order of gene insertion into the poxvirus genome. When the pol gene is inserted into the poxvirus genome containing the lacZ gene the yield of double recombinants is significantly higher than in the case of the reverse order of gene insertion. Viable recombinants expressing both the phage T7 pol gene and the lacZ gene were obtained successfully only if the weak PF promoter was used. We failed to obtain a viable double recombinant with pol gene expression under the control of the stronger P7.5 promoter.
The double recombinants with and without T¢ were cloned three times by the X-Gal plaque staining method. Gene insertion in the virus genome was confirmed by DNA blot hybridization (data not shown).
The dynamics of fl-galactosidase formation by double RVV strain WR
We have studied the formation dynamics of fl-galactosidase in CV-1 cells infected with the double recombinant 
The level of fl-galactosidase formation in R VV-infected CV-1 cells
A comparison has been made of the level of flgalactosidase production in CV-1 cells infected with recombinants containing the T7 phage expression system under conditions of single and double cell infection (Table 5) . It has been shown that the level of flgalactosidase produced by the double recombinant [W-T7-1acZ-T¢/J + PF-pol/F] was only slightly higher than that produced by the control virus (W-PT.5-1acZ/J). The level of enzyme formation for a mixed infection (W-T7-lacZ-T¢/J + W-PT.5-pol/J or W-T7-1acZ-T¢/F + W-PT. 5-pol/J) was approximately six to seven times higher, independent of the lacZ gene insertion site (HindIII J or F fragments). If an additional source of T7 RNA polymerase was introduced when the double recombinant was used [mixed infection with (W-T7-1acZ-Phage T7 expression system in vaccinia virus 51 T¢/+ Pr-pol/F) and W-PT.5-pol/J], a significant increase in lacZ expression occurred. Removal of the T7 phage terminator resulted in a 2-5-fold increase in lacZ gene expression. However, in the case of the mixed cell infection with the above recombinants and W-PT.5-pol/J, an additional source of RNA polymerase, the effect of the removal of the phage terminator on enzyme formation decreased (Table 5 ).
Discussion
In this study RVVs (based on Lister and WR strains) were obtained, expressing the T7 pol gene under PT.~ or PF promoter control. When P7.5 was used, the RVV expressed the pol gene with an efficiency 17-fold higher than that in the case of the PF promoter, irrespective of the virus strain used. We have confirmed the data of Fuerst et al. (1987) about the impossibility of obtaining viable recombinants containing simultaneously both the T7 pol gene under the control of the poxvirus P7.5 promoter and the lacZ gene controlled by the T7 promoter. However, we were able to obtain such recombinants when a weaker poxvirus promoter, Pr, was used instead of P7.5. The possibility that the kinetics of the P~ promoter (i.e. early) in comparison to the kinetics of the P7.s promoter (i.e. early-late) could play a role in this phenomenon cannot be excluded. Strong expression of the T7 RNA pol gene seems to result in non-regulated hyperexpression of the gene controlled by the T7 promoter, and possibly of the adjacent viral nucleotide sequences. This seems to suppress virus multiplication.
The efficiency of double recombinant formation was dependent on the order of gene insertion into the viral genome. It was much higher if the marker gene was inserted first under T7 promoter control before insertion of the pol gene. Transfection of integration plasmids into infected cells containing phage T7 RNA polymerase appears to cause an effective transcription of the introduced gene from the T7 promoter and this transcription restricts gene insertion by a homologous recombination mechanism.
Using double recombinants we have shown that the presence of the T7 phage terminator, T¢, decreases lacZ gene expression approximately 2.5-fold. Similar negative effects of T~b were demonstrated in the experiments on transient expression of the reporter gene controlled by the T7 promoter (Fuerst & Moss, 1989) or T3 promoter . mRNA terminated by this regulator appears to have a lower stability or translation efficiency.
Our data showed that the kinetics of fl-galactosidase formation depended not only on the late T7 promoter (Fuerst et al., 1987; Fig. 2, line 5) , but also on the nature of the poxvirus promoter regulating pol gene expression. In the case of the double recombinants the pol gene is
